D
uring invasive mechanical ventilation, whether with an endotracheal or with a tracheostomy tube, it is essential to deliver warm and humidified gas to the patient (1, 2) . Heated humidifiers have been used for many years because they provide adequate heat and humidity to the inspired gas. During the last decade, heat and moisture exchangers (HMEs) have been increasingly used in intensive care units (ICUs) as an alternative to heated humidifiers, more so in Europe (particularly in France) than in North America (3) . This is, in part, because of the fact that their clinical (4 -6) and hygrometric (7) (8) (9) (10) (11) performance are close to those of heated humidifiers. In addition, they decrease workload of the nursing staff (4, 5, 12) and have been shown to reduce the cost of mechanical ventilation (4, 5, (12) (13) (14) (15) (16) . Several types of HMEs are available to the clinicians, depending on their composition. Initially, purely hydrophobic HMEs were used, but they did not provide sufficient humidity and have consequently been responsible for tracheal tube occlusion (17) (18) (19) (20) (21) . The most commonly used are now combined HMEs, with a hygroscopic element responsible for the humidification properties and a hydrophobic membrane with bacterial retention properties. More recently, devices possessing only a hygroscopic element have been developed, and their humidification output has been proved to be greater than that of purely hydrophobic and comparable with that of combined HMEs (22) . However, they do not-in theory-possess antimicrobial properties. Whether antimicrobial properties (conveyed by the hydrophobic component) are clinically relevant remains unknown. Indeed, it has been shown that although HMEs with antimicrobial components reduced bacterial colonization of ventilator circuits both in the experimental (23, 24) and the clinical field (5), such reduction had no impact on the rate of nosocomial pneumonia (5, 25) .
Thus, one can hypothesize that HMEs exhibiting hygroscopic properties only could be used in mechanically ventilated patients as long as they provide sufficient humidity. In the era of diminished re-sources, the economic impact of extending the use of hygroscopic HMEs may be important considering the noticeably lower price of purely hygroscopic HMEs in comparison with combined HMEs.
The aim of this study was to evaluate the safety and efficacy of hygroscopic HMEs in mechanically ventilated medical ICU patients. We prospectively studied the humidifying performances of two HMEs and the rate of tracheal and ventilator circuit colonization.
MATERIALS AND METHODS
Study Design. All the patients hospitalized over a 3-month period in the 12-bed medical ICU of the Louis-Mourier University Hospital who were considered likely to require continuous mechanical ventilation for Ͼ48 hrs were included. Exclusion criteria were profound hypothermia (temperature of Ͻ33°C), a bronchopleural fistula, poisoning with breatheliminated drugs such as hydrocarbons, and moribund patients. Two purely hygroscopic HMEs were used: the EdithFlex (resistance, 1.4 cm H 2 O·L Ϫ1 ·sec Ϫ1 ; internal dead space, 90 mL) (Datex Ohmeda SAS, Trappes, France) and the Hygrolife-DAR (resistance, 2.2 cm H 2 O·L Ϫ1 ·sec Ϫ1 ; internal dead space, 34 mL) (Mallinckrodt Medical S.p.A., Mirandola, Italy). The patients included were randomly allocated to one of the two HMEs. The ventilators used were Siemens Servo 900 D (SiemensElema, Solna, Sweden), Bird 8400 Sp (Bird Products, Palm Springs, CA), and Evita 4 (Dräger, Germany). Each HME was initially installed for a period of 48 hrs, after which time it was systematically replaced. Premature replacement could occur in case of tracheal tube occlusion or HME obstruction (see below). Patients ventilated for Ͼ48 hrs could therefore provide several (four at the most) 48-hr study periods.
Positioning of the HMEs. HMEs were placed between the endotracheal tube and the Y-piece of the circuit. Particular attention was given to place the HME vertically above the tracheal tube ( Fig. 1) to reduce the risk of partial obstruction of the HME due to refluxed secretions from the tracheal tube. Nurses and doctors repeatedly checked the position of the HME.
Clinical Evaluation of HME Safety and Efficacy. The variables recorded daily to assess HMEs have already been used in our previous studies (5, 26 -28) . These include the number of tracheal suctionings (which are usually performed every 4 hrs and whenever breathing sounds are heard) and peak airway pressures that were recorded every 4 hrs and averaged over 24 hrs (they are subsequently referred to as mean peak airway pressure and maximum daily airway pressure). Tracheal instillation is not performed systematically in our unit but only in the rare cases of very thick tracheal secretions. One of the imperative reasons for premature replacement of HME was tracheal tube occlusion. It was defined as an unexplained and sudden rise in the peak airway pressure without evidence of filter obstruction and an inability to insert a suction catheter through the previously patent tube. HME obstruction was another imperative reason for premature replacement. It was identified by an otherwise unexplained rise in peak airway pressure and confirmed by visual inspection of the removed filter and the immediate normalization of airway pressure after replacement of the HME.
Hygrometric Measurements. Absolute humidity (AH), relative humidity, and tracheal temperature were measured within the first hours (at hour 3) and then daily from day 1 to day 2. AH is the amount of water vapor contained in air (mg·H 2 O Ϫ1 ·L Ϫ1 ). AH at saturation (AHs) is the maximum amount of water vapor that air can contain at a given temperature. Relative humidity is the ratio of AH to AHs expressed as a percentage. These variables were measured by psychrometry, a technique widely used in clinical studies that evaluate HME performances (7-11, 27, 28) . A device, containing two one-way valves inserted between the endotracheal tube and the HME, allows separation of inspired and expired gas flows. In the inspiratory part of this device are inserted two thermal probes: a dry one and a wet one. At the same time, a third thermal probe is inserted in the endotracheal tube. These three temperatures are recorded after a 30-min period, allowing optimal thermal equilibrium, and then displayed on a chart recorder (Yokogawa, Tokyo, Japan). The patient temperature, which is supposed to influence these three temperatures, was recorded at the same time. Room temperature was constant at 23.5-25°C.
The psychrometric method compares the temperatures obtained with each probe placed in the inspiratory part of the separating device. The dry probe is placed upstream and measures the actual gas temperature. The downstream probe is coated with sterile cotton wetted with sterile water. Evaporation around the wet probe in the inspiratory part is proportional to the dryness of the gas. The temperature gradient between the two probes increases as the inspired gas humidity decreases. For instance, when the inspired gas is fully saturated with water (100% relative humidity), there is no thermal gradient.
Relative humidity was calculated by reference to a nomogram taking into account the difference between temperatures measured by the two probes. AHs (100% relative humidity) was calculated with the following formula: AHs ϭ 16.45163 Ϫ 0.731 T ϩ 0.03987 T 2 mg H 2 O/L, where T (°C) is the dry probe temperature. AH was obtained with the formula: AH ϭ (AHs ϫ relative humidity)/100 (in mg H 2 O/ L). Premature replacement (before day 2) was done when the AH was
Colonization of Patients and HMEs. Bacterial colonization was assessed every 48 hrs when the HMEs were changed after the protocol. Colonization of patients was assessed by quantitative cultures of tracheal aspirates performed just before the replacement of HMEs. Bacterial colonization of HMEs was assessed similarly by using quantitative cultures of specimens obtained by swabbing both the ventilator side and patient side of the HME as it was just removed. The threshold for cultures was 10 3 colony-forming units (cfu)/mL for tracheal aspirate (29) and 10 2 cfu/mL for samples (30) .
Ventilator-Associated Pneumonia. Ventilator-associated pneumonia was suspected whenever the two following criteria were present: new, persistent infiltrate on the chest film and presence of macroscopic purulent tracheal aspirate. The diagnosis was accepted only if one of the following criteria was met: positive culture of a protected brush or catheter specimen (yielding Ն10 3 cfu/mL of at least one organism), positive culture of bronchoalveolar lavage sample yielding Ն10 4 cfu/mL of at least one organism) Data Collection. The following characteristics were recorded prospectively: age, sex, indication for and length of ventilatory support, severity of illness based on Simplified Acute Physiology Score II (31), endotracheal tube size, ventilation mode (i.e., volumecontrolled ventilation or pressure-support ventilation), positive end-expiratory pressure level, and FIO 2 at the time of psychrometry measurement.
Bacteriologic Studies. Quantitative cultures of patients and HMEs were performed by plating samples onto CLED agar and incubating them for 48 hrs. Colonies were quantified and the genus identified; they were then grouped as Gram-positive cocci (including Staphylococcus aureus and coagulase-negative staphylococci, Enterococci, and Streptococci), Enterobacteriaceae, and Gram-negative nonfermenters (including Pseudomonas spp, Stenotrophomonas maltophilia, and Acinetobacter spp).
This protocol was approved by the Institutional Review Board for human studies of the French Intensive Care Society. Informed consent was not requested because all procedures were considered to be routine and noninvasive practice.
Statistical Analysis. The variables for the HMEs are given as mean Ϯ SD. Results of bacteriologic examination are expressed as colony forming units per milliliter (liquid samples) or as colony forming units per cubic centimeter (swabs). Intergroup or intragroup comparisons of quantitative continuous data were performed using analysis of variance. When analysis of variance indicated differences between groups, they were compared using the protected least significant difference. The chi-square statistic was used to compare categorical variables. Statistical significance was set at p Ͻ .05.
RESULTS
Study Population. Twenty-two patients were allocated to the EdithFlex HME and 21 patients to the Hygrolife, providing 31 sets of measurements in each group. Of these 62 sets, nine were incomplete (i.e., Ͻ48 hrs of mechanical ventilation) because of extubation, transfer to another unit, or death. The two groups were similar in terms of demographic characteristics and indication for and duration of mechanical ventilation ( Table 1) .
Evaluation of Humidifying Efficacy. Clinical data used to evaluate efficacy of the HMEs are shown in Table 2 . Airway pressure, tidal volume, and number of tracheal aspirations were identical between the two groups and between day 1 and day 2. One patient with EdithFlex and two patients with Hygrolife needed premature change of their HME because it was partially obstructed by abundant tracheal secretions. This rare event (3.3 per 1000 days of ventilation) led to no adverse effect for the patients. No endotracheal tube occlusion was observed.
AH was significantly higher with EdithFlex than with Hygrolife on day 0 and day 1 (p Ͻ .01 and p Ͻ .05, respectively) (Fig. 2) . There was no significant difference on day 2. AH obtained with EdithFlex significantly decreased between day 0 and day 2 (p Ͻ .02), whereas it remained constant with Hygrolife.
Ten sets of measurements were performed in chronic obstructive pulmonary disease (COPD) patients (five with each HME). As a whole, AH measured in COPD patients (EdithFlex ϩ Hygrolife) was identical to that measured in non-COPD patients, whatever the day of measurement (Fig. 3) . EdithFlex delivered higher values for AH than Hygrolife, whether in COPD or in non-COPD patients. This difference was significant on day 0 (p Ͻ .02) and on day 1 (p Ͻ .05). Relative humidity was significantly greater with EdithFlex than with Hygrolife only on day 0 (Table  3) .
Bacteriologic in the specific bacteria cultured from the tracheal aspirates and the ventilator side of the HME. Causative organisms are listed in Table 4 (pooled data from both HMEs). Ventilator-associated pneumonia rates per 1000 ventilatory-support days did not differ between the two groups (20.5 for the Hygrolife vs. 19.9 for the EdithFlex).
DISCUSSION
The main finding of this study is that purely hygroscopic HMEs can be safely used for 48 hrs in long-term mechanically ventilated medical ICU patients, including COPD patients. These conclusions stem from clinical assessment, extensive hygrometric measurements performed at the bedside, and bacteriologic studies. The two HMEs studied provided adequate heat and humidity throughout the 48-hr period of use. Importantly, no tracheal occlusion occurred, and despite the absence of a hydrophobic membrane (ensuring microbial retention), ventilator circuit bacterial contamination was markedly low.
In an era of diminishing resources, healthcare providers have attempted to reduce costs. In the field of mechanical ventilation, particular attention has been given to circuitry management and humidification strategies. For example, investigators have clearly shown that ventilator circuits needed to be changed only in between patients, whatever the duration of mechanical ventilation (32) . Such an attitude not only did not increase the prevalence of nosocomial pneumonia, but it both increased quality of care (by reducing the risk of cross-contamination) and reduced the cost of mechanical ventilation. A similar effort has been made with the humidification devices.
Indeed, several investigators have shown that compared with heated humidifiers, HMEs exhibiting both hydrophobic and hygroscopic properties (combined HMEs) were as clinically efficacious (4 -6, 12, 14) and offered the advantage of reducing nursing staff work load (4, 5, 12) , and it considerably reduced the cost of mechanical ventilation (4, 5, 12, (13) (14) (15) (16) . To further reduce cost and reduce the number of potentially septic maneuvers, it was later shown that the duration of use of some HMEs could be extended (11, 12, 16, 22, 26 -28) . These studies showed that combined HMEs were as clinically efficient after 48 hrs as after 24 hrs of use (16, 26, 27) . When measured, hygrometric performances were found to be remarkably stable during the 48 hrs of use (11, 16, 27) . Even longer periods of use without change have been successfully evaluated, ranging from 3 (22) to 7 days (12, 28). As stated above, HMEs tested in these studies were mostly combined HMEs exhibiting both hygroscopic and hydrophobic properties. Purely hydrophobic HMEs are not suitable for long-term ventilation because of insufficient humidity output (17) (18) (19) (20) (21) . Conversely, long-term mechanical ventilation of medical ICU patients with purely hygroscopic HMEs has not yet been fully evaluated. Indeed, it remains unclear if the hydrophobic element is necessary in this situation to prevent circuit contam- ination. In addition, the humidifying performances of such devices in medical ICU patients are unknown. A recent study (22) has extensively and rigorously investigated the use of these hygroscopic HMEs in short-term ventilation surgical patients. Authors found that humidity output delivered by the hygroscopic HME was stable during the 72 hrs of use (22) . Our measurements are in accordance with these findings; both HMEs tested delivering AH around 30 mg H 2 O/L, which is the figure provided by the manufacturers. Our results indicate that the hygrometric performances of these purely hygroscopic HMEs are comparable with those of combined HMEs (10, 11, 27, 28) . In the present study, whereas psychrometric data were collected for a maximum of 8 days due to the availability of the psychrometer and the time required to perform the measurements, clinical data including the occurrence of HME or endotracheal tube occlusion and that of ventilatory-associated pneumonia were collected throughout the course of mechanical ventilation on each patient. Therefore, our data pertain to long-term mechanical ventilation. One of the theoretical risks of using purely hygroscopic HMEs is the increase in circuit contamination and the potential increase in nosocomial pneumonia due to the absence of bacteria-retaining filtering media. It has been suggested that bacterial contamination of circuits might be related to the prevalence of nosocomial pneumonia (33) . One would therefore legitimately expect that the use of combined HMEs (equipped with hydrophobic media) that reduced circuit contamination would decrease the prevalence of ventilator-associated pneumonia. In fact, it was demonstrated that the rate of pneumonia was similar in patients ventilated with heated humidifiers than in patients with HMEs, despite a lower contamination of circuit ventilators with HMEs (5). A single study found a reduction of nosocomial pneumonia associated with the use of HME in comparison with heated humidifiers (15) . However, results from this study may not be applicable to most of our ICU patients: indeed, the population of the study was limited to trauma patients, and diagnosis of ventilator-associated pneumonia was not based on invasive bacteriologic sampling.
In addition, the HME tested (BB100 from PALL) is a poor-performing HME in terms of AH delivery (11) . One may therefore hypothesize that tracheal secretions were too dry to be suctioned, thus underrating the prevalence of nosocomial pneumonia in the HME group. Taken together, these results suggest that tubing colonization plays no role in the occurrence of ventilator-associated pneumonia (25, 34 -36) . Indeed, it is now widely accepted that ventilator-associated pneumonia is mainly due to aspiration of contaminated pharyngeal and gastric content (37) . Similar reasoning can be held with hydrophobic HMEs and hygroscopic ones. Thomachot et al. (30) showed that the prevalence of ventilator-associated pneumonia was similar in patients ventilated with a hydrophobic HME with that in patients ventilated with a hygroscopic one changed every day. Similar findings were obtained in surgical patients by Davis et al. (22) . They compared the rate ventilator-associated pneumonia in patients either ventilated with a hydrophobic HME or with a hygroscopic one (both devices being changed every 3 days) and found no difference (22) . However, one of the major advantages of HMEs over heated humidifiers is keeping the circuits clean, which may reduce the risk of cross contamination. This goal can be achieved with hydrophobic HMEs or with combined HMEs. Our results indicate that this goal can also be achieved with purely hygroscopic HMEs, which theoretically possess no microbial retention properties. This may be explained by the fact that ventilator circuits get contaminated by bacterial colonization of the condensate that stagnates in the circuit. This has been clearly demonstrated by Craven et al. (33) with the use of heated humidifiers. However, no condensation occurs with HMEs, thus probably explaining why bacterial contamination of circuits is low. We have previously shown that extending the use of a combined HME to 2 or even 7 days without change does not increase circuit colonization (27, 28) . In the present study, results indicate that this can be achieved also with purely hygroscopic HMEs used for 2 days without change because colonization of the ventilator-side of the HMEs was markedly lower than tracheal colonization. Indeed, in the present study, the HMEs used maintained 90% of the circuits clean, a figure identical to that found in a study that used a combined HME and in which this figure was only 57% with heated humidifiers (5) . These results also suggest that hygroscopic HMEs are as effective as hydrophobic HMEs to prevent circuit contamination. This seems to indicate that microbial retention (as assessed by bacterial contamination of ventilator circuit) obtained with hydrophobic (or combined) HMEs is similar to that achieved by hygroscopic HMEs, thus suggesting that microbial retention property of HMEs is not due to the hydrophobic media but more likely to the dryness in which they maintain the circuits.
Branson et al. (13, 38) tend to restrict the use of HMEs to patients without any history of respiratory disease (mainly COPD) and suggest that HMEs should be limited to 5 days of use because patients are likely to develop thick secretions and therefore should be placed on a heated humidifier for the remaining time of mechanical ventilation. Our experience with combined HMEs is that they can be used for as long as patients (including those with COPD) require mechanical ventilation. Results from the present study suggest that the same conclusion may be drawn with purely hygroscopic HMEs. In addition, purely hygroscopic HMEs often add only a slight increase in dead space and resistance in comparison with combined HMEs (39) . Such considerations may be taken into account in difficult-towean patients in whom unfavorable effects of HME (increase in work of breathing, minute ventilation and PaCO 2 ) have been reported during pressure-support ventilation (40 -43) .
Although there is abundant evidence that mechanical ventilation with HMEs is less expensive than with heated humidifiers, there has been no evaluation of the influence of different HMEs on the cost of 
